Membrane binding by prothrombin, mediated by its N-terminal fragment 1 (F1) domain, plays an essential role in its proteolytic activation by prothrombinase. Thrombin is produced in two cleavage reactions. One at Arg 320 yields the proteinase meizothrombin that retains membrane binding properties. The second, at Arg 271 , yields thrombin and severs covalent linkage with the N-terminal fragment 1.2 (F12) region. Covalent linkage with the membrane binding domain is also lost when prethrombin 2 (P2) and F12 are produced following initial cleavage at Arg 271 . We show that at the physiological concentration of prothrombin, thrombin formation results in rapid release of the proteinase into solution. Product release from the surface can be explained by the weak interaction between the proteinase and F12 domains. In contrast, the zymogen intermediate P2, formed following cleavage at Arg 271 , accumulates on the surface because of a ϳ20-fold higher affinity for F12. By kinetic studies, we show that this enhanced binding adequately explains the ability of unexpectedly low concentrations of F12 to greatly enhance the conversion of P2 to thrombin. Thus, the utilization of all three possible substrate species by prothrombinase is regulated by their ability to bind membranes regardless of whether covalent linkage to the F12 region is maintained. The product, thrombin, interacts with sufficiently poor affinity with F12 so that it is rapidly released from its site of production to participate in its numerous hemostatic functions.
Thrombin, the key effector serine proteinase of the blood coagulation cascade, is produced by specific and limited proteolysis of the zymogen, prothrombin. The physiologically relevant catalyst for this reaction is the prothrombinase complex consisting of the serine proteinase, factor Xa, and the cofactor, factor Va, assembled on membranes in the presence of Ca 2ϩ (1) . In addition to facilitating the assembly of the enzyme complex, membranes containing acidic or amino phospholipids play an important role in mediating the delivery of prothrombin to the membrane-bound enzyme (1, 2) . This arises from the ability of prothrombin to bind to these membranes through the fragment 1 (F1) 2 domain present at its N terminus (1, 3, 4) . Thrombin, derived from the C-terminal half of prothrombin, is produced as a result of cleavages 3 following Arg 271 and Arg 320 (1, 3, 5) . Cleavage at Arg 320 converts the zymogen to a proteinase, whereas cleavage at Arg 271 severs covalent linkage with the N-terminal fragment 1.2 (F12) domain harboring the membrane binding site (Scheme 1). Covalent linkage of the C-terminal domain with F12 is also lost in the zymogen intermediate, prethrombin 2 (P2), produced following cleavage only at Arg 271 (Scheme 1). In contrast, meizothrombin (mIIa), produced following cleavage only at Arg 320 is covalently linked to the membrane binding domain through a disulfide bond (Scheme 1). Accordingly, both prothrombin and mIIa are established to bind to membranes, and this binding interaction impacts their utilization as substrates by prothrombinase (2, 5) .
The ability of thrombin or P2 to bind reversibly to the fragment 2 (F2) domain has been established in a series of studies as well as by x-ray crystallography (6 -10) . Initial studies at low ionic strength, with prothrombin fragments of bovine origin, provided evidence for a subnanomolar affinity for either interaction (6) . Such high affinity interactions have implied a fundamental role for F2-mediated binding of thrombin or P2 to F12 in bridging the C-terminal domain either in the zymogen or proteinase states to the membrane-binding domain and consequently the membrane surface. This idea is supported by the greatly enhanced cleavage of P2 by prothrombinase in the presence of an equimolar concentration of F12 (7, (11) (12) (13) . Furthermore, light scattering studies have provided evidence indicating that the interaction between thrombin and F12 allows 2 The abbreviations used are: F1, fragment 1; DAPA, dansyl-L-arginine-N- (3- ethyl-1,5-pentanediyl)amide; FPRck, D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone; F12, fragment 1. WT , recombinant wild type II; IIa i , thrombin inactivated with FPRck; mIIa, meizothrombin; mIIa i , mIIa inactivated with FPRck; P2, prethrombin 2; IIa A195 , thrombin produced from II A195 ; P2 A195 , P2 produced from II A195 ; PC, L-␣-phosphatidylcholine; PS, L-␣-phosphatidylserine; PCPS, small unilamellar vesicles containing 75% (w/w) PC and 25% (w/w) PS; PCPS LUV , large unilamellar PCPS vesicles; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; MES, 4-morpholineethanesulfonic acid. 3 Cleavage sites in prothrombin are denoted based on consecutive numbering of the residues in mature prothrombin. The catalytic serine is numbered according to homology between the catalytic domain and chymotrypsinogen (50) .
membrane binding by the product and its nearly quantitative retention on the membrane surface at the site of prothrombin activation (14) . A key regulatory event in the form of feedback cleavage by thrombin at Arg 155 between the F1 and F2 domains (Scheme 1) has been proposed to be necessary for the release of nascent thrombin from the membrane surface (14) . Membrane-bound thrombin is likely to be sequestered from and to exhibit different preferences for the range of biological substrates acted on by thrombin in solution. Thrombin released by cleavage at Arg 155 would also be expected to be essentially saturated with F2 bound to the anion binding exosite II region of the proteinase. This interaction is known to significantly impact active site function, inhibition of thrombin by antithrombin III and possibly platelet aggregation (6, (15) (16) (17) . Therefore, the proposed tight interactions with F2 have unexpected and important implications for the numerous functions of thrombin in hemostasis that have largely been established with the purified proteinase in the absence of F2 or F12 (5, 18) .
A series of more recent and careful studies with human prothrombin derivatives, conducted at physiological pH and ionic strength (or NaCl), now indicate that the interactions between F2 and thrombin or P2 are 1000-fold (or more) weaker than initially reported in the bovine system (8, 9) . Based on the possible concentrations of the various species expected during the activation of prothrombin, these findings suggest that noncovalent interactions with the F2 domain either on its own or within F12 probably play a minor role in retaining thrombin on the membrane surface or in modulating the function of thrombin in solution. These ideas are consistent with the need for very high concentrations of F12 to observe effects on platelet aggregation catalyzed by human thrombin (17) . However, despite the somewhat tighter affinity reported for the binding of F12 to P2 (19) , the available data present a paradox because they do not provide an obvious explanation for the ability of a stoichiometric equivalent of F12 to greatly and saturably enhance the cleavage of 10 Ϫ7 M P2 by human prothrombinase (12, 13, 20) . Thus, it remains possible that interactions with F12 measured in solution are further substantially modulated when F12 is membrane-bound.
In this study, we focus on the role played by interactions with F12 in regulating function by affecting partitioning of substrate and product species to the membrane surface. We have employed a series of recombinant prothrombin derivatives to investigate the fate of membrane-bound intermediates and products during the activation of human prothrombin by prothrombinase, the role of cleavage at Arg 155 in regulating their fates, and the kinetic mechanism underlying the ability of F12 to regulate P2 cleavage by prothrombinase.
EXPERIMENTAL PROCEDURES
Materials-Hen egg L-␣-phosphatidylcholine (PC) and porcine brain L-␣-phosphatidylserine (PS) were purchased from Avanti Polar Lipids (Alabaster, AL). Small unilamellar phospholipids vesicles composed of 75% (w/w) PC and 25% (w/w) PS (PCPS) were prepared and characterized as described (21) . For some kinetic studies, large unilamellar vesicles of the same composition (PCPS LUV ) were prepared by extrusion, as previously detailed (12) . Proteinase inhibitors dansyl-L-arginine-N-(3-ethyl-1,5-pentanediyl)amide (DAPA) and D-phenylalanyl-Lprolyl-L-arginine chloromethyl ketone (FPRck) were from Hematologic Technologies (Essex Junction, VT) and Calbiochem, respectively. The peptidyl substrate, H-D-phenylalanyl-L-pipecolyl-L-arginine-p-nitroanilide was from Chromogenix (West Chester, OH). Human plasma used for the isolation of proteins was a generous gift of the Plasmapheresis Unit of the Hospital of the University of Pennsylvania. All kinetic measurements were conducted in 20 mM Hepes, 0.15 M NaCl, 5 mM Ca 2ϩ , 0.1% (w/v) polyethylene glycol 8000, pH 7.5 (Assay Buffer), at 25°C.
Recombinant Proteins-Prothrombin variants were cloned into an appropriately adapted pcDNA 3.1(ϩ) vector using the Gateway cloning system (Invitrogen) (12) . The donor cassette in the pENTR entry vector contained a Kozak sequence, followed by sequences encoding a translational start site, signal SCHEME 1. Intermediates and products formed upon cleavage of human prothrombin by prothrombinase. . The integrity of each cassette was verified by sequencing both before and after -integrase-mediated transfer to the pcDNA destination vector. Previously described strategies were utilized for transfection of HEK293 cells with these constructs, selection of stable cell lines, and their expansion for large scale protein production in serum-free medium supplemented with 10 g/ml vitamin K (Abbott) (12) . Prothrombin variants were purified from 20 liters of conditioned medium, as previously detailed (12) . N-terminal sequence analysis (performed at the Emory University microchemical facility) indicated that all variants possessed a correctly processed NH 2 terminus. Quantitative analysis of 4-carboxyglutamic acid content following base hydrolysis (22, 23) yielded values for the variants that were indistinguishable from the values observed with prothrombin isolated from plasma.
Plasma Proteins-Human factors X, V, and II were purified as described (13) . Factors Xa and Va were prepared and characterized as described before (20, 24) . The derivatives F12, F2, P2, mIIa, and IIa were prepared by preparative cleavage of prothrombin purified from plasma (II PL ) and subsequent repurification using established procedures (25) . An equivalent strategy using II A195 as substrate was employed to generate IIa A195 and P2 A195 . Inactivated derivatives of IIa and mIIa (IIai and mIIai) were prepared by covalent modification with FPRck as described (12) . Protein concentrations were determined using the following molecular weights and extinction coefficients (E 280 (25) . Prothrombin variants were exchanged into assay buffer by centrifugal gel filtration before use.
Prolonged Digestion of Prothrombin Variants-Reaction mixtures (100 l) in assay buffer contained the indicated prothrombin variant (3.0 M), 50 M PCPS, 30 nM Va, and either 0 or 3 nM Xa. Following incubation for 30 min at 25°C, steady state light scattering intensity was measured on samples (20 l) prepared by diluting with an equal volume of 50 M PCPS in assay buffer using a Viscotek DLS instrument (Protein Solutions). Scattering intensity was normalized to that observed with 50 M PCPS alone. In parallel, samples (15 l) were mixed with an equal volume of 125 mM Tris, 20% (v/v) glycerol, 2% (w/v) SDS, 0.02% (w/v) bromphenol blue, 50 mM EDTA, 83 mM dithiothreitol, pH 6.8. After heating at 89°C for 3 min, the samples were analyzed by SDS-PAGE using 4 -12% NOVEX BisTris gels (Invitrogen) run with MES buffer. Protein bands were visualized by staining with Coomassie Brilliant Blue.
Kinetics of Cleavage of Prothrombin Variants-Changes in right angle light scattering during prothrombin activation were measured with a PTI QuantaMaster fluorescence spectrophotometer (Photon Technologies International) in 1 ϫ 1-cm stirred quartz cells maintained at 25°C. Samples in Assay Buffer (2.5 ml) containing 1.4 M prothrombin variant, 50 M PCPS, and 30 nM Va were initiated with 1 nM Xa. Light scattering was continuously monitored using EX ϭ EM ϭ 320 nm. Limits of the scattering signal were independently established using reaction mixtures containing 50 M PCPS alone or 50 M PCPS with 1.4 M prothrombin, mIIai, F12, or F2. Scattering intensities were normalized using the signal observed with PCPS alone. Parallel reaction mixtures were subsampled and processed by SDS-PAGE as described above. Protein bands were visualized with Colloidal Blue stain (Invitrogen) following the instructions of the manufacturer.
Isothermal Titration Calorimetry-Measurements were performed using a MCS-ITC instrument (Microcal, Cambridge, MA) at 25°C. Both interacting species were extensively dialyzed into 20 mM Hepes, 0.15 M NaCl, 5 mM Ca 2ϩ , pH 7.5, and the dialysate was used for subsequent dilutions and control experiments. All samples were degassed and thermally equilibrated before use. The cell (1. Data Analysis-For all kinetic studies, concentrations of PCPS and Va were chosen to be in excess of the stoichiometries and equilibrium dissociation constants for the interactions with Xa that lead to prothrombinase assembly (30) . Hence, the concentration of prothrombinase was considered equal to the limiting concentration of Xa. At low concentrations of enzyme, kinetic complexity arising from partitioning of substrate to vesicles lacking enzyme was minimized using PCPS LUV (12) . Nonlinear least squares analysis using the Levenberg-Marquardt algorithm (31) was employed to fit parameters to the indicated explicit equations, which are reported Ϯ95% confidence limits. Steady state kinetic constants were determined by analysis according to the Henri-Michaelis-Menten equation or by analysis of product inhibition profiles using the rate expression for classical competitive inhibition (32) . Heat flow traces were analyzed using Origin scripts provided by Microcal (Northampton, MA) to yield ⌬H, K d , and stoichiometry for the binding of titrant to independent and noninteracting sites. ⌬G and ⌬S were given by the relationships ⌬G ϭ RTlnK d and ⌬G ϭ ⌬H Ϫ T⌬S. Global analysis according to Scheme 2 was performed by combining non-least squares approaches with the numerical solution of ordinary differential equations using Dynafit version 3.28.050, a generous gift of Petr Kuzmic (BioKin, Pullman, WA) (33) , to derive the indicated fitted parameters and the corresponding linear approximations of their 95% confidence limits. The data presented are representative of at least two similar experiments performed at an equivalent level of detail and frequently with different protein preparations.
RESULTS

Changes in Vesicle Size Associated with Prothrombin
Cleavage-A series of prothrombin variants were employed to establish relationships between prothrombin cleavage by prothrombinase and steady state light scattering intensity (Fig. 1) . At the concentrations employed, the intensity of scattered light is predominantly affected by vesicle size, dictated by the equilibrium distribution of prothrombin and its derived fragments between solution and the membrane surface as well as the molecular weights of the membrane-bound species (34, 35) . Measurements done in the absence of added prothrombin or in complete reaction mixtures containing EDTA established minor contributions of membrane-bound prothrombinase or solution phase proteins to the scattering signal.
Prolonged cleavage of II WT by prothrombinase in the absence of thrombin inhibitors yielded bands corresponding to those expected from further processing of the terminal products, thrombin and F12, by thrombin produced in the reaction (Fig. 1A) . Bands observed following disulfide bond reduction corresponded to F1 and F2 (resulting from cleavage by thrombin at Arg 155 ) and to thrombin B chain and thrombin A chain lacking 13 residues from its NH 2 terminus (resulting from cleavage by thrombin at Arg 284 ). In this case, light scattering intensity decreased to the level observed with the same concentrations of purified F1 and PCPS (Fig. 1B) . Prolonged cleavage of II A195 yielded F12 and the two chains derived from thrombin SCHEME 2. Pathways for P2 cleavage in the presence and absence of F12. The kinetic scheme is annotated with experimentally determined constants from initial velocity, product inhibition, and equilibrium binding measurements more fully described in Table 2 . (Fig. 1A) . Because IIa A195 produced in this reaction is devoid of catalytic activity, further processing at Arg 155 and Arg 284 was not evident. Light scattering intensity decreased to the level observed with purified F12 and PCPS (Fig. 1B) . As expected, cleavage of II Q320 with prothrombinase resulted in the formation of F12 and P2 (Fig. 1A) . However, this reaction yielded a smaller decrease in scattering intensity in comparison with that observed with the cleavage of II A195 (Fig. 1B) . Additionally, cleavage of II TM to yield an mIIa derivative resistant to further proteolytic processing or the addition of prothrombinase to cleavage resistant II QQ was accompanied by relatively minor changes in light scattering intensity (Fig. 1B) , consistent with the equivalent size of prothrombin and mIIa as well as the established ability of these species to bind PCPS with similar affinity (36, 37) . Our findings indicate that thrombin formation, irrespective of further processing at Arg 155 , leads to a decrease in inferred size of the PCPS vesicle. Limiting scattering intensities in line with those expected for vesicle-bound F1 or F12 suggest that the bulk of thrombin produced readily dissociates from the membrane surface even when F12 is produced as a stable product. Thus, cleavage at Arg 155 seemingly plays an undetectable role in regulating the release of nascent thrombin from the site of its production. In contrast, the smaller decrease in light scattering evident upon formation of P2 plus F12 implies that a significant fraction of P2 may remain membranebound through interactions mediated by F12.
Kinetics of Cleavage and Release of Prothrombin-derived Species from the Membrane Surface-More detailed approaches correlated changes in light scattering intensity with the kinetics of prothrombin cleavage at its physiological concentration. The addition of prothrombinase to II WT in the absence of thrombin inhibitors led to a rapid decrease in normalized light scattering intensity (Fig. 2) . Selected lanes from an SDS-PAGE analysis of the full time course of cleavage are presented to illustrate that the decrease in light scattering was contemporaneous with prothrombin cleavage, and a limiting light scattering signal was achieved upon quantitative cleavage at Arg 155 to produce F1. Accordingly, the limiting intensity of scattered light was similar to the reference signal obtained with a purified mixture of F1 and PCPS. Similar experiments were performed with II A195 that yields inactive thrombin and II Q155/Q284 that yields active proteinase but cannot be processed at residues 155 and 284. The addition of prothrombinase to either substrate also yielded a rapid decrease in light scattering but instead to a limiting value, in approximate agreement with the signal observed with a purified mixture of F12 and PCPS (Fig. 2) . For either substrate, the selected lanes from an SDS-PAGE analysis of the full time course (Fig. 2) illustrate that the scattering changes occurred on the same time scale as substrate cleavage and yielded thrombin and F12 as the final products. Variability in the limiting scattering signal seen with the two species probably reflects some differences in the extent of substrate cleavage (Fig. 2) . These findings are generally consistent with the interpretation that thrombin is readily and rapidly released from the membrane surface upon its formation regardless of the proteolysis of F12 to F1 and F2 through cleavages mediated by thrombin. In agreement with recent observations (8, 9) , these findings also imply that potential interactions between thrombin and the F2 domain within F12 are relatively weak and play a minor role in retaining thrombin on the membrane surface at the site of its formation.
Similar studies with II Q320 required higher concentrations of prothrombinase for effective cleavage on this time scale (Fig. 3) . This is consistent with the established ability of prothrombinase to cleave at the Arg 271 site in intact prothrombin with a significantly reduced V max (12) . In comparison with prothrombin isolated from plasma used as a reference under the same 
Membrane-bound Species during Prothrombin Activation
JOURNAL OF BIOLOGICAL CHEMISTRY
VOLUME 283 • NUMBER 44 • OCTOBER 31, 2008
conditions, cleavage of II Q320 to yield P2 and F12 produced a small change in light scattering that correlated with the formation of products (Fig. 3) . The limiting light scattering signal was substantially greater than that observed with a purified mixture of F12 and PCPS. These findings imply that in contrast to thrombin, the interaction between P2 and F12 is sufficiently tight to allow a sizable fraction of P2 to remain membrane-bound.
Binding of Thrombin and P2 to the F2 Domain within F12-Implied differences in the equilibrium dissociation constants for the binding of thrombin and P2 to F12 were pursued by isothermal titration calorimetry. We employed P2 A195 (Fig. 4) . Small contributions from heats of dilution were corrected for by parallel injections of F12 into buffer (Fig. 4) . The data could be adequately described by the interaction of titrant with independent, noninteracting sites with the indicated thermodynamic parameters (Table 1) . F12 binds P2 A195 with an equilibrium dissociation constant of ϳ10 Ϫ7 M and a stoichiometry of ϳ1 in an enthalpically driven reaction. Similar experiments with IIa A195 revealed a ϳ20-fold lower affinity of the proteinase for F12 that could completely be accounted for by a weaker interaction between IIa A195 and F2 (Table 1) . Consistent with recent findings (8, 9, 19) , the interaction between P2 A195 and F2 was also weak and comparable with the affinities observed with IIa A195 (Table 1) . The thermodynamic constants are consistent with a large ordering effect observed in the interaction of P2 with F12 that is substantially reduced with IIa A195 or the binding of F2 to either species. Our findings suggest an indirect effect of the F1 domain in modulating the binding of the F2 domain to the zymogen but not the proteinase. The measured equilibrium constants also provide a quantitative explanation for the results of the light scattering studies, indicating the ability of F12 to retain significant concentrations of P2 but not thrombin on the membrane surface.
Functional Effects F12 on P2 Cleavage-The relatively tight interaction between P2 and F12 and membrane binding by the resultant complex provides a rational explanation for the established ability of F12 to enhance P2 cleavage by prothrombinase (12, 13). However, initial velocity studies of P2 cleavage by prothrombinase in the presence of increasing concentrations of F12 revealed features that appeared inconsistent with the physical measurements (Fig. 5) . The initial rate for thrombin formation was increased greatly and saturably with increasing concentrations of F12. Surprisingly, the rate saturated at 0.1-0.2 equivalents of F12, well below the 1:1 stoichiometry established by calorimetry (Fig. 5) . The equivalents of F12 required for saturating rate effects varied with the fixed concentration of P2 (not shown). On the surface, these peculiar findings suggest fundamental problems in reconciling physical measurements with the functional contributions of F12 to prothrombinase function. It is possible that a large fraction of P2 is dysfunctional as a substrate despite its ability to bind F12. This possibility is not consistent with the nearly quantitative conversion of P2 to thrombin both in the presence and absence of F12. Alternatively, the observations could reflect kinetic limitations on the system despite agreement of the component steps with thermodynamic principles and independently established equilibrium constants and stoichiometries.
Kinetic Analysis of P2 Cleavage by Prothrombinase-The simplest possible kinetic model accounting for the action of prothrombinase on P2 either in the absence or presence of F12 is illustrated in Scheme 2. It is assumed that one equivalent of F12 binds per mole of P2, converting it to a substrate that is The line is drawn following analysis of the binding of F12 to independent and noninteracting sites using the fitted parameters listed in Table 1 . cleaved with higher catalytic efficiency (Scheme 2). An equivalent assumption applies for the binding of F12 to thrombin, except that the interactions related to thrombin are not informative for initial velocity measurements. Furthermore, although extensive evidence in the literature indicates a more complex binding pathway for either substrate to prothrombinase through both exosite and active site interactions, the overall process can be adequately described employing the rapid equilibrium assumption and the simplified pathways as illustrated (13) . The caveat here is that the inferred rate constant for the catalytic step also contains an additional binding term and is therefore referred to as V/E rather than k cat (38) . Initial velocity and product inhibition studies were used to establish the kinetic constants for the cleavage of P2 and inhibition by the product (Table 2) . Kinetic constants for the cleavage of P2 bound to F12 under equivalent conditions were taken from Orcutt and Krishnaswamy (12) . These values along with measured thermodynamic constants were used as the quantitative basis to test for the ability of Scheme 2 to describe the function of F12 in regulating P2 cleavage by prothrombinase.
This scheme could provide a reasonable description of the data in Fig. 5 despite the assumption of a unit stoichiometry for the interaction of F12 with P2. The informative fitted parameters from this analysis were in approximate agreement with the independently measured terms. Under these conditions, K s(P2,F12) is probably compromised because of transport limitations arising from the use of low concentrations of enzyme and small unilamellar PCPS vesicles (12) . This potential limitation was circumvented by analysis of a more comprehensive data set obtained using PCPS LUV and varying concentrations of P2 at different fixed concentrations of F12 (Fig. 6) . These data could also be adequately described following global analysis according to Scheme 2 (Fig. 6) . The informative parameters that could be reliably fitted were in good agreement with the independently measured terms (Table 2) . Thus, Scheme 2, grounded in independently determined equilibrium constants and stoichiometries for the relatively weak binding of F12 to thrombin or its ϳ20-fold tighter interaction with P2, can adequately describe the major enhancing effects of F12 on P2 cleavage by prothrombinase under a wide range of conditions. The explanation for substoichiometric concentrations of F12 to saturably enhance P2 cleavage lies in the fact that the rate approaches a limiting value when the concentration of the P2⅐F12 complex significantly exceeds K s(P2⅐F12) , regardless of the total concentrations of P2 and F12 present. Major rate enhancements arising from the ability of F12 to bind P2 and facilitate its interaction with membranes paradoxically occur at substantially lower concentrations of F12 than those necessary to saturate P2. These findings also highlight the foregone dangers of inferring details of Initial rates of thrombin formation were measured in reaction mixtures containing 1.4 M P2, increasing concentrations of F12, and 10 pM prothrombinase (10 pM Xa, 30 nM Va, 30 M PCPS). The solid line is drawn following analysis according to Scheme 2 using the fixed and fitted parameters listed in Table 2 . The dashed lines are drawn following a linear regression of the limits of the data to illustrate that saturation is achieved at a substoichiometric equivalent of F12. Table 2 .
protein-protein interactions solely from functional studies with incomplete consideration of the kinetic behavior of the system.
Cleavage at Arg 155 -Both thrombin and mIIa are well known to catalyze cleavage at Arg 155 in prothrombin and its derivatives (25, 39, 40) . Thus, high concentrations of proteinase produced during prothrombin activation necessitate the use of thrombin inhibitors such as DAPA to selectively inhibit this feedback reaction (41) . This becomes necessary because loss of the F1 domain associated with cleavage at Arg 155 impacts product formation from prothrombin, mIIa, and P2 plus F12 catalyzed by prothrombinase (21, 42) . We noted that cleavage at Arg 155 could not be fully explained by the activities of thrombin or mIIa. This observation was most directly documented with II QQ , which cannot be cleaved at Arg 320 or Arg 271 at an appreciable rate by Xa or by prothrombinase (12) . Prolonged incubation of II QQ with Xa and PCPS revealed the formation of bands arising from the cleavage of prothrombin at Arg 155 and confirmed by N-terminal sequence analysis (Fig. 7) . These products continued to be seen even in the presence of high concentrations of DAPA or with II A195 but were not produced when PCPS was omitted or when II Q155/Q284 was used as a substrate (not shown). Furthermore, cleavage at Arg 155 was reduced and eventually eliminated with increasing concentrations of Va (Fig. 7) . These findings indicate that Arg 155 can be effectively cleaved by Xa in the presence of membranes, but this activity of Xa is lost upon its interaction with Va on the membrane surface. This conclusion is best illustrated by comparison of the findings made with 5 nM Xa plus 30 nM Va versus 30 nM Xa plus 5 nM Va (Fig. 7) . Despite the fact that both conditions are expected to yield 5 nM prothrombinase, bands arising from cleavage at Arg 155 were only seen under conditions in which excess free Xa was present. Thus, free Xa itself can catalyze cleavage at Arg 155 and regulate prothrombinase function by altering the partitioning of substrate species to the membrane surface.
DISCUSSION
We show that prothrombin and both possible reaction intermediates (Scheme 1) bind comparably to membranes during the action of prothrombinase on prothrombin. In the case of prothrombin and mIIa, membrane binding arises from the well known contributions of the F1 domain covalently linked to the rest of the molecule. Membrane binding by P2 arises from a reversible but relatively tight interaction with F12, which can bridge the singly cleaved intermediate to the membrane surface. The large rate-enhancing effects of F12 on P2 cleavage by prothrombinase can be quantitatively accounted for by the interaction of F12 with P2. Since membrane binding plays an important role in the utilization of each of these substrates by prothrombinase, loss of the F1 domain arising from thrombinmediated cleavage at Arg 155 is expected to be important for the regulation of their cleavage. On the other hand, thrombin binds the F2 domain within F12 with ϳ20-fold lower affinity and is therefore readily released from the membrane surface upon its formation. Nearly quantitative product release is independent of prior cleavage at Arg 155 previously proposed to represent a key regulatory reaction of thrombin necessary to facilitate release of thrombin from the membrane surface (14) . Our findings reconcile physical parameters for the reversible interaction between thrombin or P2 and the F2 domain within F12 with the ability of the activation peptide to regulate the fates of membrane-bound substrates and products in the action of prothrombinase on prothrombin.
The equilibrium dissociation constants for interactions of thrombin or P2 with F2 or F12 are in agreement with those determined in careful studies with human proteins (8, 9, 19) . We speculate that the somewhat higher affinity we report for the binding of F12 to P2 could reflect the fact that P2 prepared by preparative proteolysis of II A195 or generated in situ with II Q320 is not proteolyzed at Arg 284 and therefore possesses an authentic NH 2 terminus. The thermodynamic measurements also point to a major ordering effect associated with the formation of the F12⅐P2 complex, seen to a far lesser extent upon binding of F12 to thrombin. This idea is consistent with the previous suggestion that one mechanism underlying enhanced substrate function upon binding of F12 to P2 is probably related to changes in substrate structure (7) . F2 and by extension, F12, bind to residues within the anion binding exosite II region in thrombin and P2 (10) . The reduction in affinity for F12 that accompanies the conversion of the zymogen to the proteinase mirrors the increase in affinity for hirugen, a prototypic ligand for anion binding exosite I (9, 19) . Thus, the conversion of zymogen to proteinase is accompanied by reciprocal changes of approximately equal magnitude in liganding at these two exosites.
The ϳ20-fold tighter interaction of F12 with P2 in comparison with thrombin lies at the heart of the ability of F12 to tether substantial concentrations of P2 but not thrombin to the membrane surface. However, our findings are at variance with those in a previous report dealing with the activation of bovine prothrombin (14) . Those studies documented that conversion of prothrombin to thrombin plus F12 by prothrombinase measured in the presence of DAPA was not accompanied by changes in light scattering indicating the replacement of membranebound prothrombin by an equivalent concentration of thrombin bound to F12 (14) . A rapid decrease in light scattering observed in the absence of DAPA was interpreted in terms of an essential role for feedback cleavage at Arg 155 in mediating thrombin release from the membrane surface (14) . These differences with our findings could clearly reflect the intrinsic properties of fragments derived from bovine versus human prothrombin. This possibility is highlighted by the ϳ10-fold higher affinity along with obvious differences in thermodynamic parameters previously measured for the binding of bovine F2 to bovine P2 by calorimetric approaches (7) . Support for such possible species-specific differences is provided by x-ray structures indicating differences in contacts between human thrombin complexed with bovine F2 in comparison with its complex with human F2 (10) . There is also a difference in one of the key residues of anion binding exosite II in the proteinase domain of the two thrombin species found at the interface with F2. Alternatively, the previous light scattering studies could also have been impacted by the optical activity of DAPA at the wavelength used for the measurements and its change in fluorescence upon binding to newly formed thrombin. In recognition of this possible complexity, our conclusions are based on approaches conducted with mutant derivatives of prothrombin that obviate the need for DAPA or other inhibitors to block the feedback reactions of thrombin.
Conclusions derived from reaction progress assessed by light scattering could have been strengthened by a more detailed quantitative analysis relating concentrations of various substrate and product species with scattering intensity. We have deliberately chosen to document agreement between substrate cleavage and the scattering change in a rough way, focusing instead on the limiting scattering signal when the reaction was nearly complete with a relatively stable population of reactants and products. This approach was necessitated by the complex relationship between scattering intensity, vesicle size, concentrations of various membrane-bound species, and the changing distributions between these species during reaction progress (34, 35) . However, the conclusions derived from these measurements can be fully rationalized by the measured equilibrium constants for the binding of F12 to either thrombin or P2, which predict that Ͼ70% of the P2 versus ϳ17% of thrombin would be expected to be bound to F12 at the highest concentrations of these species (1.4 M) that can be produced in blood. The activation of most thrombin substrates in clotting blood is expected to occur during the initiation phase, when less than 2 nM thrombin is produced (43) . Because F12 is not necessarily expected to accumulate in vast excess of thrombin (Scheme 1), only very minor concentrations of thrombin will probably be complexed with F12 when the reactions of thrombin in blood coagulation are most relevant. Concentration estimates for P2 produced as an intermediate under physiological conditions are not available. However, the higher affinity for the 1:1 interaction between P2 and F12 provides an adequate quantitative explanation for the enhancing effects of F12 on P2 cleavage by prothrombinase, at least under defined conditions. Kinetic measurements under a wide range of conditions can be adequately accounted for by Scheme 2 and the associated independently determined kinetic constants despite the fact that the dependence of reaction rate on the concentrations of P2 and F12 superficially appears inconsistent with this model. An alternative possibility is that F12 functions by directly binding E and thus facilitating P2 cleavage with increased efficiency. This possibility requires formal consideration because of reports implicating the F1 domain in binding interactions between the substrate and Va and the ability of added F1 to modulate cleavage of prothrombin species lacking this domain (44 -46) . Fitting according to this type of model failed to provide an adequate description of the experimental data (not shown).
Cleavage at Arg 155 and the associated release of the F1 domain is expected to play an important regulatory role in modulating the membrane-dependent delivery of prothrombin, mIIa, and P2⅐F12 to prothrombinase. In addition to thrombin, which has long been recognized to be the proteinase responsible for cleavage at this site (47, 48) , our studies reveal that cleavage at this site can also be accomplished by Xa bound to membranes. It is presently unclear whether this reaction is specific for human Xa acting on human prothrombin or also has bearing on the initial report that cleavage of bovine prothrombin at the equivalent site can be accomplished by Xa (49) . Because this function of Xa is substantially reduced upon its assembly into prothrombinase, the rate of cleavage at Arg 155 is dependent on the free concentration of Xa and not the concentration of prothrombinase. Consequently, processing of substrate species at Arg 155 and the associated loss in their membrane binding is expected to predominate under conditions when Xa is in excess and Va is limiting but not when Va is in excess to saturably form prothrombinase. Because loss of membrane binding by prothrombin resulting from cleavage at Arg 155 is associated with a change in the relative contributions of the two pathways for bond cleavage by prothrombinase (42) , different cleavage intermediates are expected to be observed at the same concentration of prothrombinase assembled with either Xa in excess or Va in excess. These ideas probably have bearing on the fragments produced as well as the inferred pathway for prothrombin cleavage, depending on whether the concentration of Va is limiting or when it is present at saturating concentrations.
In summary, our findings are consistent with the interpretation that all substrate species, prothrombin and both possible intermediates, can bind membranes through interactions mediated by the fragment 1 domain. In the case of P2, membrane binding is mediated by a reversible association of higher affinity with F12, which adequately explains the ability of F12 to yield large enhancements in reaction rate at physiologically relevant concentrations. In contrast, upon formation of thrombin, there is an accompanying ϳ20-fold reduction in the affinity of F12 facilitating the dissociation of the bulk of thrombin from F12 even at the highest possible concentrations of products that can be achieved in blood. This reduced affinity for F12 allows for the release of thrombin from the membrane surface and the site of its production.
